Physiological alterations in cortical neurons are induced during adaptation to an artificial scotoma, a small homogeneous patch within a dynamic random noise or patterned background. When the dynamic noise is replaced by an equiluminant gray background, a twinkling aftereffect can be seen in the location of the artificial scotoma. Following binocular adaptation, we discovered that the perceived size of the twinkling aftereffect was dramatically smaller than the inducing artificial scotoma. Dichoptic adaptation induced shrinkage in the twinkling aftereffect that was similar to that found after binocular adaptation, suggesting that the twinkling aftereffect and its shrinkage both have cortical origins. We speculate that this perceptual shrinkage may reflect the interaction between two cortical mechanisms: a twinkling aftereffect mechanism that spreads throughout the artificial scotoma, and a filling-in mechanism that has a greater influence at the edges of the artificial scotoma and spreads inwards.
Introduction
Physiological alterations take place in cortical neurons during adaptation to an artificial scotoma, a small homogeneous gray patch within a dynamic random noise or patterned background (Pettet & Gilbert, 1992; De Weerd, Gattass, Desimone & Ungerleider, 1995; DeAngelis, Anzai, Ohzawa & Freeman, 1995) . Pettet and Gilbert (1992) were the first to investigate the physiological effects of artificial scotomas in the cat. They reported that adaptation to an artificial scotoma produced expansion that was up to five times the size of the receptive fields of striate cortical cells. These results have proven to be controversial. DeAngelis et al. (1995) found that exposure to an artificial scotoma increased the overall responsiveness of certain cortical cells rather than increasing their receptive field size. It has been proposed that these divergent results could be reconciled by a model in which the artificial scotoma produces receptive field alterations by modifying the effectiveness of the existing long-range horizontal connections (Chapman & Stone, 1996) . In this model, habituation of long-range inhibitory pathways unmasks previously ineffective excitation from neurons within the dynamic random noise and results in an elevation of the receptive field profile (De Weerd et al., 1995; Chapman & Stone, 1996) .
Considering the physiological evidence, one might expect that artificial scotomas would also produce alterations in cortical cells that can be quantified using psychophysical techniques. Indeed, Kapadia, Gilbert and Westheimer (1994) found that the perceived position of a test bar was biased towards the center of an artificial scotoma and attributed this finding to receptive field expansion.
Adapting to an artificial scotoma on a dynamic noise background for more than several seconds can induce two distinct perceptual phenomena; filling-in and a twinkling aftereffect. Small, peripheral artificial scotomas can fill-in with dynamic random noise during adaptation (Ramachandran & Gregory, 1991) . The twinkling aftereffect, on the other hand, only becomes visible in the location of the artificial scotoma after the noise is replaced by a mean luminance homogeneous gray background (Ramachandran & Gregory, 1991; Hardage & Tyler, 1995; Tyler & Hardage, 1998) . The available evidence suggests that different mechanisms govern filling-in and the twinkling aftereffect since varying the spatial and temporal characteristics of the dynamic noise as well as the size and eccentricity of the artificial scotoma affects them quite differently (Hardage & Tyler, 1995) .
We chose to study the twinkling aftereffect because aftereffects have proven historically to be very useful in elucidating the neural mechanisms involved in various visual processes, such as motion (e.g. Wohlgemuth, 1911; Sekular, 1975) and spatial vision (e.g. Blakemore & Campbell, 1969) . In the first three experiments, we investigated the perceived size of the twinkling aftereffect following binocular and monocular adaptation. We found a dramatic shrinkage in the perceived size of the twinkling aftereffect relative to the size of the inducing artificial scotoma.
The neural locus of the twinkling aftereffect is still unknown (Tyler & Hardage, 1998) . While it has been suggested that twinkling aftereffects are induced by cortical neurons, previous studies failed to demonstrate interocular transfer of this aftereffect (Spillmann & Kurtenbach, 1992; Hardage & Tyler, 1995) . However, some visual aftereffects, such as the motion aftereffect, either do not show interocular transfer for all inducing conditions or are significantly influenced by parameters such as the method of occluding the non-adapting eye (Wade, Swanston & deWeert, 1993; Symons, Pearson & Timney, 1996; Timney, Symons, Wilcox & O'Shea, 1996) . It is also possible that the twinkling aftereffect was partially transferred, but was too weak to have been perceived by the observers. Attempting to enhance interocular transfer by altering the parameters of the adaptation stimulus, such as introducing contrast between the noise and the artificial scotoma, is likely to impair the ability to generate a twinkling aftereffect (Hardage & Tyler, 1995) .
In contrast to the absence of transfer of the twinkling aftereffect, there is strong evidence for binocular connections at the cortical representation of a naturally occurring retinal scotoma, the physiological blind spot, that have been discovered using a dichoptic paradigm psychophysically (Tripathy & Levi, 1994) and physiologically (Fiorani, Rosa, Gattass & Rocha-Miranda, 1992) . In addition, binocular connections also have recently been discovered for a congenital, pathological, scotoma (Tripathy & Levi, 1999) . Therefore, in the fourth experiment we also investigated if a twinkling aftereffect can be induced in normally sighted observers following dichoptic adaptation. After adaptation to the dichoptic stimulus, the observers reported seeing a twinkling aftereffect in the location of the artificial scotoma. Further, similar shrinkage in the perceived size of the twinkling aftereffect was found after dichoptic and binocular adaptation. Taken together, our findings support a cortical locus for the origin of the twinkling aftereffect and its shrinkage.
General methods

Obser6ers
Two normally sighted (CH and CT) and one strabismic amblyopic observer (LR) participated in Experiments 1 and 2. Another normally sighted observer, SS, participated in part of Experiment 3 instead of LR when binocularity was required. Two observers with normal binocular vision (SMH and DW) participated in Experiment 4. Informed consent was given.
Stimuli
The adaptation stimuli, i.e. an artificial scotoma within a dynamic random noise background ( Fig. 1) , were generated by a Macintosh Quadra 630 computer using a modified version of the Video Snowstorm software (Smith-Kettlewell Eye Research Institute) and displayed on a 13 in. monochrome monitor (a 21 in. monochrome Image Systems TM monitor in Experiment 4). The results from preliminary testing of various artificial scotoma sizes and eccentricities revealed that random noise elements that are 1 pixel in size (just over 4 min) with a noise frame rate of 60 Hz produced the longest twinkling aftereffects. An equal number of black and white pixels was used to produce this noise, providing a density of 50% in these experiments.
To produce a twinkling aftereffect, the luminance of the artificial scotoma was set to the mean luminance of the dynamic noise, which averaged 57 cd/m 2 (80 cd/m 2 in Experiment 4). Photometric measurements were performed regularly with a Pritchard Spectrophotometer and the monitor was recalibrated as necessary to ensure that the mean luminance did not vary. Introducing contrast between the dynamic noise and artificial scotoma produces a negative static luminance aftereffect, a classical afterimage, instead of a twinkling aftereffect (Spillmann & Kurtenbach, 1992; Hardage & Tyler, 1995) . All experiments were performed without additional overhead or ambient illumination. For most testing, the display monitor was positioned 28.5 cm from the observer (a distance of 42.75 cm (binocular trials) or optical path length (dichoptic trials) in Experiment 4). Frequent breaks were taken and none of the observers reported any difficulty in sustaining accommodative effort over the course of the experiment. A chin rest was used to maintain the proper viewing distance.
To obtain measures of the perceived size of the twinkling aftereffect in the experimental trials, each trial consisted of an adaptation phase directly followed by a test phase. The adaptation stimulus consisted of a dynamic noise background with a peripheral artificial scotoma (see Fig. 1, left) . During the adaptation phase, the observers were instructed to steadily fixate a point at the center of the screen and to minimize blinking for 15 s. In the following test phase, the entire screen was instantaneously redrawn as a uniform gray for visualization of the twinkling aftereffect and a judgment reticle was presented at the opposite, horizontal isoeccentric location for 330 ms (see Fig. 1, right) . The reticle consisted of four dots, each 4 pixels in size and spaced equidistantly from the isoeccentric location. The observer's task was to judge the size of the twinkling aftereffect relative to the reticle dots and then record his/her response (either larger or smaller) with a keystroke. The observer was instructed to wait until the twinkling aftereffect had completely faded, often up to 10 s, before initiating a new trial with another keystroke. Therefore, each individual experimental trial took about 30 s. Although the twinkling aftereffect was not used for the control trials, the specific methods sections describe the stimuli used for size judgments in the control trials.
Based upon the observer's responses, the size of the reticle was varied with a Modified Binary Search (MOBS) staircase algorithm until a size match was reached (Tyrrell & Owens, 1988) . Specifically, the MOBS was programmed to arrive at a size match when six reversals occurred for step sizes that were within 5% of the size of the inducing artificial scotoma. A distinct advantage of the MOBS was that a size match was typically reached in about 12-16 trials. Another advantage of the MOBS is that most trials were presented close to the perceived size of the twinkling aftereffect.
Typically, three consecutive MOBS were conducted for a given artificial scotoma size at one location after which another randomly selected artificial scotoma size and location were examined. Thus, different eccentricities and artificial scotoma sizes were typically evaluated during each session. This minimized the possibility that repeated trials at one retinal location would fatigue the mechanism responsible for generating the twinkling aftereffect response. Probit analysis of the responses versus reticle size was used to obtain the perceived size of the twinkling aftereffect (the mean of the fitted cumulative Gaussian function), size discrimination threshold (slope of the fitted cumulative Gaussian function) and accompanying standard errors. In most cases, cumulative data from at least 12 MOBS (about 150 trials) were used to obtain the perceived size of the twinkling aftereffect.
Experiment 1: perceived size of the twinkling aftereffect
Specific methods
Early in preliminary testing, we observed that the twinkling aftereffect consistently appeared to be smaller in size than the inducing artificial scotoma. To fully Fig. 1 . Cartoon of the adaptation (left) and test (right) phases. Observers fixated a static point in the center of the monitor while adapting to dynamic random noise for 15 s with an eccentric artificial scotoma. For the test phase, the monitor was redrawn as homogenous gray and the comparison reticle presented at the isoeccentric location. artificial scotoma was visible on the uniform gray background during the test phase and could therefore be used in making the size judgments.
In the second type of control trials, we were interested in determining if the apparent shrinkage in the twinkling aftereffect extended to other afterimages. The luminance of the artificial scotoma was lowered during the 15 s adaptation phase to produce a − 0.44 Weber contrast decrement with respect to the luminance of the dynamic noise background. In the test phase, the entire screen (including the 2.4°wide square that corresponded to the artificial scotoma) was redrawn as uniform, mean luminance gray. During the test phase, a negative static afterimage was visualized as a much brighter area on the gray background and no twinkling aftereffect was apparent. This bright negative afterimage was used in making size judgments (Schiller & Dolan, 1994) .
In the third type of control trials, the observers were asked to make size judgments with reference to a 2.4°w ide square of dynamic random noise that was positioned 6°from fixation on a background of mean luminance gray. This was the inverse of the stimulus conditions in the experimental trials and came close to simulating the appearance of the twinkling aftereffect. This control was to ascertain whether a twinkling stimulus in the periphery was seen as veridical in size.
Results
The contrasting controls, the negative afterimage controls, and the square defined by dynamic random noise were all perceived to be essentially veridical (i.e. their actual size). Specifically, in the contrast controls, the average size judgments weighted by the inverse standard errors were similar and approximately equal in size (2.489 0.12°(SD), df=5, T= 1.7, P= 0.15) to the 2.4°wide inducing artificial scotoma. The values for individual observers are plotted as symbols in Fig. 3 . In the negative afterimage control trials, the average perceived size of the luminance aftereffects (2.409 0.08°) was the same as the artificial scotoma. Finally, for LR and CH, the average size of the twinkling square was 2.3790.05°. The results for the negative afterimage control and the square defined by dynamic random noise are not plotted in Fig. 2 .
However, our main result is the dramatic shrinkage in the perceived size of the twinkling aftereffect in the experimental or zero contrast condition relative to the contrasting controls (1.519 0.11°, repeated measures ANOVA, df=6, F=19.5, PB 0.0001, Tukey's pairwise comparisons among means) corresponding to the deep 'V' in Fig. 3 . Across observers, the size discrimination thresholds (the slope of the fitted cumulative Gaussian function) averaged 0.249 0.07°. There was no investigate this phenomenon, we used a square 2.4°w ide artificial scotoma centered at 6°eccentricity. The shape, size, and eccentricity of the artificial scotoma were the same as in a previous psychophysical study (Kapadia et al., 1994) . In the experimental (zero contrast) trials, the artificial scotoma, dynamic random noise, and uniform gray background were of all the same mean luminance (57 cd/m 2 ) during both the adaptation and test phases. This induced a twinkling aftereffect at the location of the artificial scotoma after the dynamic noise was replaced by the uniform gray background. The two normally sighted observers were evaluated under both binocular and monocular (left eye occluded) viewing conditions. Three different types of control trials were investigated. In the first set of control trials, the 2.4°wide square corresponding to the artificial scotoma was assigned to a different luminance than the rest of the display during the entire trial. In other words, a real luminance contour in the form of a contrasting artificial scotoma was visible during the adaptation phase and the test phase. We were interested in determining how well the observers were able to judge the size of real contours of different visibilities using the reticle in the MOBS paradigm. Six different contrasts were examined in which the luminance of the artificial scotoma was increased (to a maximum of 134 cd/m 2 ) or decreased (to a minimum of nearly 0 cd/m 2 ) in uniform steps from the mean luminance. The resulting Weber contrast ranged from an increment of 1.35 to a decrement of −1. Due to the physical presence of the contrasting artificial scotoma, a twinkling aftereffect was never visualized during the test phase. We call these the 'contrast controls' since the contours of the contrasting difference in the thresholds between the control and experimental trials (ANOVA, df=6, F = 0.51, P = 0.694, Tukey's pairwise comparisons among means), indicating that the perceived shrinkage of the twinkling aftereffect does not affect the observer's precision in making size difference judgments. Expressing the threshold as a Weber fraction reveals that the precision of the size judgments are, on average, about 10% of the size of the inducing artificial scotoma. These are illustrated as the filled symbols at the bottom of Fig. 2 and correspond to the right vertical axis. Note that the shrinkage in the experimental conditions is more than 3.5 times larger than the size discrimination thresholds. This indicates that the observers were able to discern the perceived size of the twinkling aftereffect with high precision.
When the adaptation phase was halved to 7.5 s, the perceived size of the twinkling aftereffect for the three observers was 1.729 0.09°, reflecting shrinkage of nearly 0.7°. Finally, the shrinkage in the perceived size of the twinkling aftereffect for the two normally sighted observers was similar for monocular (1.509 0.2°) and binocular (1.4990.14°) adaptation.
Experiment 2: perceived size of twinkling aftereffect versus artificial scotoma size
Specific methods
We also wanted to investigate how the perceived size of the twinkling aftereffect was related to the size of the inducing artificial scotoma. Instead of the square artificial scotoma in Experiment 1, round artificial scotomas were used so their edges would be a uniform radius from the eccentricity we were testing. At 6°eccentricity, six different artificial scotomas from just under 2-6°in diameter were examined. The smallest artificial scotoma had the same area as the square artificial scotoma in Experiment 1.
Results
Over the three-fold range of artificial scotoma sizes tested at 6°eccentricity, we found an approximately uniform 1°shrinkage in the perceived size of the resulting twinkling aftereffect (see Fig. 3 ). Linear regression provided excellent fits to the data for the three observers (r 2 \ 0.99 (CH and CT), 0.96 (LR)). The slopes of these functions are not significantly different than 1.0 (df=4, t= 1.32, P= 0.24 (CH); t=0.19, P=0.86 (CT); t= 0.94, P= 0.39 (LR)) for each observer showing that the shrinkage of the twinkling aftereffect is independent of artificial scotoma size. The slope of the average data for the three observers weighted by the inverse standard error (0.97 9 0.05) was also not different from 1.0 (df = 4, t= 0.22, P= 0.83). Setting the slope to one gives the equation, perceived size (°) = artificial scotoma size (°) − 0.99 (r 2 = 0.99). An artificial scotoma of 1°in diameter was also tested. An aftereffect was reported by all three observers, however the borders were indistinct and the shape best characterized as 'amorphous'. The observer's were unable to obtain reliable perceived size estimates using our paradigm and this aftereffect disappeared quickly.
Experiment 3: perceived size of twinkling aftereffect at the blind spot
Specific methods
We also positioned artificial scotomas at the blind spot to induce a twinkling aftereffect that would be produced, in part, by a real scotoma. Prior to testing, the blind spots of observers CT, CH, and SS were mapped with a computer-based campimetry paradigm (for details see Tripathy, Levi, Ogmen & Harden, 1995) . From these measurements, we were able to locate an artificial scotoma at the horizontal and vertical screen coordinates corresponding to the center of the observer's blind spot for each eye. For the three observers, either the horizontal or vertical dimension of the blind spot was 6°.
Testing was performed under both binocular and monocular viewing conditions. Under binocular conditions, the smallest artificial scotoma of just under 4°in monocular sessions (0.7990.04) are shallower than the lines fit to the results from 6°. Although the data at the blind spot are much noisier than at 6°eccen-tricity, the regression coefficients obtained over the three binocular and monocular artificial scotoma sizes were similar to those obtained at 6°. The difference in the y-intercepts indicates that the monocular twinkling aftereffect at the location of the physiological blind spot is perceived as being about 1.8°smaller than after binocular adaptation.
Experiment 4: dichoptic adaptation to induce a twinkling aftereffect
Specfic methods
Dichoptic adaptation was used in an attempt to localize the neural origin of the twinkling aftereffect. Since we found in the preceding experiments that it is relatively easy to induce a twinkling aftereffect following binocular adaptation, the experiment began with several hundred binocular trials to familiarize the observers with the twinkling aftereffect prior to attempting any dichoptic trials. In these experiments a twenty second adaptation phase was used. In the binocular trials, an artificial scotoma was positioned 6°to the left of a central fixation point while the remainder of the monitor was filled with dynamic random noise. The observer was asked to carefully fixate this point and to minimize blinking. In the test phase, the judgment reticle was presented 6°to the right of fixation. As in the first three experiments, the task was to judge the size of the twinkling aftereffect relative to the reticle dots and then record their response (either larger or smaller) with a keystroke. The observers were instructed to wait until the twinkling aftereffect had completely faded before initiating a new trial with another keystroke. Also, the observers were asked to take note of the twinkling aftereffect and to use its appearance as a criterion for the dichoptic trials.
For the adaptation phase of the dichoptic trials, the 21 in. monitor was split into two halves with 1 cm (1.34°) vertical nonius fixation lines located in the center of each half-screen. Thus, the individual dichoptic fields illustrated in Fig. 5 were essentially half the size of the binocular field. In the right half of the monitor, the nonius fixation line extended below the horizontal midline while the remainder of the halfscreen was filled with static random noise and an artificial scotoma 6°to the left of the fixation line. Static random noise was used because an artificial scotoma can be created by a mean luminance 'hole' within the noise. Also, static noise has the same space averaged luminance as the dynamic noise. diameter fell entirely within the blind spot in the nasal retina of one eye and was viewed in its entirety by the corresponding location in the temporal retina of the fellow eye (see cartoon inset in lower right of Fig. 4 ). Artificial scotomas of 7 and 9°in diameter were also tested so that about 1 and 3°of the edges extended beyond the blind spot. In monocular viewing at the blind spot, a twinkling aftereffect can not be induced without an artificial scotoma. Therefore, for monocular testing, one eye was occluded and artificial scotomas of 7, 8, and 9°in diameter were tested. An equal number of sessions was conducted randomly at the blind spots of the right and left eyes of each observer. The data for each observer were pooled over the two locations (binocular) or eyes (monocular).
Results
Monocular adaptation to an artificial scotoma that was just larger than the blind spot produced an uninterrupted twinkling aftereffect across the entire blind spot. This result indicates that the twinkling aftereffect must be perceptually completed in the cortex. The perceived sizes of the twinkling aftereffect from the monocular sessions were smaller than for the binocular sessions (Fig. 4) . The slopes of the best fits from the average of the binocular (0.759 0.04) and
In the left half of the monitor, the nonius fixation line extended above the horizontal midline while the rest of the half-screen was filled with dynamic random noise. It should be emphasized that adaptation to an artificial scotoma within static noise (right half) or to dynamic noise alone (left half) did not induce an aftereffect. This has been reported previously (Spillmann & Kurtenbach, 1992; Ramachandran, Gregory & Aiken, 1993) . A dual mirror stereoscope was used to superimpose the two half screens and align the nonius fixation lines. Therefore, any aftereffects would be induced at or beyond the point where the neural signals from the two eyes converge.
The observer was instructed to align the nonius fixation lines and to minimize blinking while adapting for 20 s to the dichoptic stimuli described above. In the test phase, the entire screen was instantaneously redrawn as a uniform, mean luminance, gray for visualization of the twinkling aftereffect and a judgment reticle was also presented on the right half-screen, 6°to the right of the right fixation line. Instructions to the observer regarding size judgments were the same as in the binocular trials.
In this experiment, the sizes of the artificial scotomas ranged from 2 to 4.0°in 0.5°steps (SMH to 4.5°). Testing was interleaved so that artificial scotoma size and adaptation (dichoptic or binocular) could be randomized between sessions. As a control, we measured the perceived size of the negative afterimage that was induced in the manner described in Experiment 1 except a round 3°, −0.44 Weber contrast artificial scotoma was used during dichoptic and binocular adaptation phases.
A twinkling aftereffect was reported following dichoptic adaptation (i.e. an artificial scotoma in one eye and the dynamic random noise in the other eye, see Section 6.1). We asked the observers to describe the appearance of the dichoptic adaptation stimulus. Initially, rivalry was described during the adaptation phase: the observer's alternately saw dynamic noise or static noise with an artificial scotoma. After several practice sessions (hundreds of trials) they both reported that the dynamic noise 'captured' the static noise in the majority of the trials. Their percept during the adaptation phase became that of an artificial scotoma within dynamic noise, similar to the adaptation stimulus in the binocular trials. The resulting dichoptic twinkling aftereffect was described by the observers as having the same appearance as the twinkling aftereffect induced following binocular adaptation.
The perceived sizes of the binocular and dichoptic twinkling aftereffect were essentially the same. The perceived size estimates of the twinkling aftereffect (see Fig. 6 ) were equivalent between the dichoptic and binocular trials (repeated measures ANOVA, F =0.314, P= 0.67) for the 2-4°range of artificial scotomas for both observers. As in the Experiment 2, linear regression analysis provided excellent fits to the data (r 2 \ 0.99, except 0.94 for SMH; binocular trials). The slopes of these lines were also not different than 1.0 (dichoptic, P= 0.99; binocular, P= 0.86) for both observers. Therefore, I fit the combined data with a single line with a slope of 1 (r 2 \ 0.96). This line has an intercept of nearly − 0.8°which also represents the perceived shrinkage of the dichoptic and binocular twinkling aftereffect. The disparity between the perceived sizes found here and the 0.2°greater shrinkage in Experiment 2 at 6°is probably attributable to the fact that different observers participated in both experiments. The average size discrimination thresholds for dichoptic adaptation were slightly, but not significantly higher than for binocular adaptation (11.1 vs 10.5%, F= 0.179, P= 0.75).
The average perceived size estimates for the dichoptic (3.19 0.07°) and binocular (3.29 0.06°) negative afterimage control trials were similar to each other and to the 3°artificial scotoma. This extends our findings from Experiment 1 that shrinkage only occurs when the artificial scotoma and the random noise are equiluminant during the adaptation phase.
Discussion
Our principal result is a dramatic shrinkage of the twinkling aftereffect relative to the size of the inducing artificial scotoma. While the similarity in shrinkage following dichoptic and binocular adaptation localizes the origin of this twinkling aftereffect to binocular neurons in the cortex, the exact neural locus of the twinkling aftereffect and its shrinkage in perceived size is unknown.
As mentioned in the introduction, adaptation to an artificial scotoma can induce filling-in as well as the twinkling aftereffect that we examined in the present study. Hardage and Tyler (1995) recently studied the twinkling aftereffect and filling-in of artificial scotomas. They found that the two perceptual phenomena have very different characteristics. For example, many of the stimulus conditions that induce long twinkling aftereffects did not produce filling-in. Their conclusion was that different mechanisms must govern the twinkling aftereffect and filling-in (Hardage & Tyler, 1995) . In the next several sections we will first discuss studies that have provided information on these mechanisms and their possible origins. Then, we will speculate that the shrinkage that we observed in the twinkling aftereffect may be a manifestation of the interaction between the mechanisms of filling-in and the twinkling aftereffect.
What produces the twinkling aftereffect?
Although the mechanism of the twinkling aftereffect is unknown, in this section we will try to use available data and models to provide some insight as to where the twinkling aftereffect occurs in the visual system. Hardage and Tyler (1995) proposed a model for the twinkling aftereffect in which depolarization is induced specifically in complex cells whose receptive fields are stimulated by the dynamic random noise background. These activated cells inhibit the neurons whose receptive fields lie within the artificial scotoma, inducing hyperpolarization. After the dynamic random noise is extinguished, rebound depolarization induces an excitatory activation in these cells that appears as the twinkling aftereffect (Hardage & Tyler, 1995) . Further work has indicated that the chromatic, temporal, and spatial characteristics of this twinkling aftereffect are consistent with an origin in the magnocellular pathways of the visual system (Tyler & Hardage, 1998) . Hardage and Tyler (1995) also articulate the apparent contradiction of how a twinkling percept can arise from a steady-state excitatory rebound activation.
The results from our dichoptic testing (Experiment 4) indicate that the twinkling aftereffect occurs beyond the anatomical site of binocular convergence. Thus, V1 is the first stage in the visual system where the twinkling aftereffect could occur. However, V1 is not a strong candidate because the intrinsic connections in V1 are not long enough to carry the signal for the twinkling aftereffect from the dynamic random noise to the center of large artificial scotomas. Although the twinkling aftereffect has not been studied using physiological methodology, alterations in the response properties of cells within V1 have been discovered in adult cats following adaptation to an artificial scotoma (Pettet & Gilbert, 1992; DeAngelis et al., 1995) . These alterations are thought to be mediated through cortical long-range horizontal connections. Limited anatomical evidence suggests that the lateral distance of intrinsic connections in the human visual cortex is about 1.5 mm (Kenan-Vaknin, Ouaknine, Razon & Malach, 1992) which corresponds to the average of 1.3 mm and maximum range of 2.1 mm found in the macaque (Amir, Harel & Malach, 1993) .
To address whether intrinsic connections in V1 are long enough to convey the signals required to induce the twinkling aftereffect, we estimated the cortical distance from the dynamic random noise to the center of an artificial scotoma. Consider an artificial scotoma of 6°diameter at an eccentricity of 6°. The distance from the edge of the dynamic random noise to the center of the artificial scotoma (3°) represents a cortical distance of about 6 mm based on a recent estimate of human V1 cortical magnification at 6° (Sereno, Dale, Reppas, Kwong, Belliveau, Brady et al., 1995) . Therefore, the center of the twinkling aftereffect induced from the 6°a rtificial scotoma is probably at least three times the cortical distance covered by the long-range horizontal connections and thus V1 does not appear to be a likely candidate for conducting the signal for inducing the twinkling aftereffect.
Extrastriate visual areas are more likely candidates for conveying the twinkling aftereffect because of their longer horizontal connections and lower cortical magnification factors (CMFs). In the extrastriate visual areas, primate anatomical data reveals the spread of the intrinsic connections in V2 average about 2.6 mm and have a maximum spread of between 4 and 5 mm (Amir et al., 1993; Levitt, Yoshioka & Lund, 1994) . In V4 the average is around 3.6 mm while the maximum distance is from 5 to 8 mm (Yoshioka, Levitt & Lund, 1992; Amir et al., 1993) . Although we could find no physiological data on lateral connections in V3, one could expect a value somewhere within these ranges. Using the human CMF values determined for extrastriate areas V2 to V4, the radius of the 6°artificial scotoma would correspond to between 2.2 and 4.8 mm of cortical distance. Note that the human CMF in V3 and V4 is about 50-60% greater than the values that have been reported from physiological data in the macaque (Gattass, Sousa & Gross, 1988) . Assuming that the spread of intrinsic connections in the extrastriate areas is similar in monkey and human, then the center of the induced twinkling aftereffect will be within the range of the lateral connections of the extrastriate visual areas. Therefore, it is more likely that extrastriate visual areas are responsible for the twinkling aftereffect.
Finally, based upon personal observation and the reports of other observers, we assume in this discussion that the perception of the twinkling aftereffect spreads throughout the region of the artificial scotoma.
What produces filling-in?
Filling-in also appears to have its origin in extrastriate visual areas. The most compelling evidence is from the study by De Weerd et al. (1995) . They reported perceptual filling-in occurred for human observers at the same time when the activity of extrastriate cortical cells corresponding to the artificial scotoma in the monkey matched the firing rate of the cells within the dynamic random noise. However, only small, peripheral, artificial scotomas will fill-in (Ramachandran & Gregory, 1991; Spillmann & Kurtenbach, 1992; Hardage & Tyler, 1995; De Weerd, Desimone & Ungerleider, 1998) . Several physiological studies have examined the effects of small artificial scotomas that are between 1.2 and 3 times larger than receptive fields of the underlying cortical cells (Pettet & Gilbert, 1992; De Weerd et al., 1995; DeAngelis et al., 1995) . Although the specific methods are slightly different and the interpretations of the results vary, these studies all reported that the activity of cells within the artificial scotoma increased in response to the surrounding dynamic random noise.
This increased responsiveness has been attributed to a mechanism in which the activity of neurons in the surrounding dynamic noise reduces the inhibitory influences to cells within the artificial scotoma. This reduction in inhibition increases the excitatory activation of the cells within the artificial scotoma (Pettet & Gilbert, 1992; De Weerd et al., 1995; DeAngelis et al., 1995) . The closer the dynamic random noise is to the center of the artificial scotoma, the faster the increase in activity. On the other hand, the activity of cells within the artificial scotoma never matched the activity of neurons within the noise for large artificial scotomas (De Weerd et al., 1995) , and this agrees with psychophysical findings that large artificial scotomas do not fill-in (Hardage & Tyler, 1995; De Weerd et al., 1998) .
Taken together, these results support the idea that the edge of the dynamic random noise has a strong local influence for perceptual filling-in (e.g. Grossberg, 1997) .
What produces shrinkage in the twinkling aftereffect?
The shrinkage of the twinkling aftereffect is probably not related to reports of receptive field enlargement. Receptive field enlargement has only been reported in V1 (e.g. Pettet & Gilbert, 1992) while the twinkling aftereffect probably occurs in higher visual areas. Even if enlargement occurs, and reports of receptive field enlargement have proven to be controversial, it is not obvious that increases in receptive field size would predict the shrinkage that we discovered.
However, all studies that have recorded from V1 have found increased responsiveness in cells corresponding to the artificial scotoma (Pettet & Gilbert, 1992; DeAngelis et al., 1995) . This increased responsiveness also occurs in extrastriate visual areas (De Weerd et al., 1995) . Generally, these studies have recorded from cortical cells after the dynamic noise has been extinguished, when a twinkling aftereffect would be expected. As noted in the sections above, it is likely that both the twinkling aftereffect and perceptual filling-in have an extrastriate origin, but reflect two different mechanisms (Hardage & Tyler, 1995; Tyler & Hardage, 1998) . One potential explanation is that the shrinkage that we found in the twinkling aftereffect may be a manifestation of the interaction between these two mechanisms.
In our speculative model, the strength of the filling-in mechanism should affect the perceived size of the twinkling aftereffect. Hardage and Tyler (1995) defined the strength of filling-in as the reciprocal of the adaptation time required for an artificial scotoma to fill-in. For artificial scotomas of given sizes, it has been shown that filling-in is stronger (requires less time) as eccentricity is increased (De Weerd et al., 1998) . According to our model, stronger filling-in should also induce greater shrinkage of the twinkling aftereffect. To test this notion we compared the shrinkage of a 4°artificial scotoma at eccentricities of 6°(Experiment 2), at the eccentricity of the blind spot (Experiment 3) and at 25°i n two of our observers (CH and CT), We found a gradual, but significant (T= 2.01, P = 0.05), increase in the shrinkage of the twinkling aftereffect as a function of eccentricity.
Shortening the adaptation phase, on the other hand, will reduce filling-in strength and should result in less shrinkage of the twinkling aftereffect. When the duration of the adaptation phase was halved in the experimental trials in Experiment 1, we found less shrinkage of the twinkling aftereffect (it was approximately 15% larger than in the trials in which the observers adapted for 15 s). Our ability to manipulate the amount of shrinkage by varying the balance between the TAE and filling-in processes is consistent with the idea that perceived size of the twinkling aftereffect is a result of the interaction between these two cortical mechanisms.
The effect of the filling-in mechanism appears to be strongest at the edge of the artificial scotoma and spreads inward. On the other hand, the twinkling aftereffect presents as a uniform percept throughout the artificial scotoma. We speculate that at 6°eccentricity the filling-in mechanism could prevent the visualization of the peripheral 1/2°of the twinkling aftereffect, in- ducing the constant perceived shrinkage of 1°. This model would also predict that the filling-in mechanism would dominate for small artificial scotomas and prevent the visualization of a twinkling aftereffect. Therefore, it is somewhat perplexing that a 1°artificial scotoma at 6°eccentricity will also induce an aftereffect. However, the observers described this very brief aftereffect (less than 3 s) as appearing different than the twinkling aftereffect obtained with larger artificial scotomas. It is tempting to label this a 'contrast edge aftereffect' which was described by Hardage and Tyler (1995) as 'a dynamic, flashing percept of short latency (B 1 s) and short duration.' It was reported that this aftereffect always occurred. While contrast edge aftereffects may also have occurred for the larger artificial scotomas experiments in the present study, the observer's were not specifically queried about whether they saw these effects.
Shrinkage of the twinkling aftereffect at the blind spot
Shrinkage of the monocular twinkling aftereffect at the physiological blind spot was greater (by about 1.8°, see Fig. 5 ) than binocular shrinkage. At this time we do not have enough information to conjecture if this is due to a relatively stronger filling-in mechanism for artificial scotomas overlying the blind spot, or to a weaker twinkling aftereffect mechanism in the cortical representation of the blind spot. One would assume that the ubiquitous uninterrupted monocular perception of natural scenes is the result of a robust filling-in mechanism at the blind spot. In fact, the visual system may develop altered cortical connectivity at an adventitious (Burke, 1999) or congenital pathological scotoma (Tripathy & Levi, 1999) . If this altered connectivity were also present at the blind spot, a stronger filling-in mechanism would be expected. On the other hand, any differences in the cortical representation of the blind spot relative to other visual areas at the same eccentricity could suggest a correspondingly weaker twinkling aftereffect especially since no twinkling aftereffect was seen for the blind spot alone. This could occur, for example, if there were differences in the length or population of horizontal connections in the extrastriate representation of the blind spot.
Static negati6e afterimages are seen 6eridically
Interestingly, the static negative afterimage used for control trials in Experiments 1 and 4 yielded veridical measures of perceived size. There are psychophysical precedents for the veridical perception of negative afterimages (e.g. Ingling & Grigsby, 1990) . There is also physiological evidence that these negative afterimages are primarily processed at a more peripheral level in the visual system than the twinkling aftereffect. Specifically, mechanisms that could be responsible for inducing negative aftereffects have been identified as the ON and OFF channels in the retina and LGN (Schiller & Dolan, 1994) . Finally, these ON and OFF channels have been invoked as playing a significant role in aspects of the computational afterimage models proposed by Grossberg (1997) . Therefore, the veridical perceived size of these negative aftereffects may be due to their early origin in visual processing relative to the twinkling aftereffect.
Can figural aftereffects explain the shrinkage of the twinkling aftereffect?
There are other phenomena that might be used to try to explain the shrinkage that was observed in the twinkling aftereffect. Figural aftereffects are induced spatial distortions of a stimulus following adaptation to a proximal figure (Howard, 1971; Badcock & Westheimer, 1985) . However, these distortions are generally quite small in magnitude, typically measured in minutes of arc in the periphery. However, the shrinkage that we report here is about a degree in size and is an order of magnitude larger than most figural aftereffects (Howard, 1971) . Also, figural aftereffects have been reported to grow larger as contrast is increased (Ganz, 1966) whereas we found that perceived size becomes essentially veridical as contrast is changed. Thus it is unlikely that distortions due to figural aftereffects have played a tangible role in producing the perceptual shrinkage of the twinkling aftereffect.
Summary
We found a dramatic shrinkage of the twinkling aftereffect. We suggest that this perceptual shrinkage may result from the interaction between two cortical mechanisms: a twinkling aftereffect mechanism that spreads throughout the region of the artificial scotoma, and a filling-in mechanism that has a greater influence at the edges of the artificial scotoma and spreads inwards. This speculation is consistent with the available psychophysical and physiological data and could occur through intrinsic connections in extrastriate visual areas. Specifically, we suggest that the filling-in mechanism may reduce the perceived size of the twinkling aftereffect.
Potential clinical application of the twinkling aftereffect
The twinkling aftereffect could have important clinical applications. Patients with macular lesions are commonly evaluated with Amsler grids which have very low sensitivity for detecting scotomas (Achard, Safran, Duret & Ragama, 1995; Ariyasu, Lee, Linton, LaBree, Azen & Siu, 1996) . It has also been shown that many patients will routinely underestimate the size of their lesion, often reporting no loss when they have totally filled-in their scotomas (Schuchard, 1993) . In contrast, a twinkling aftereffect can be visualized in the location of a filled-in artificial scotoma once the dynamic noise is replaced by a homogeneous gray background. In fact, several naive patients with retinal scotomas spontaneously reported seeing a twinkling aftereffect after adaptation to a display of dynamic random noise (Ramachandran et al., 1993) . We performed preliminary testing on three patients with paracentral scotomas resulting from retinal pathologies such as juvenile macular (Stargardt's) degeneration, macular holes, and resolved central serous retinopathy. These individuals all reported seeing a twinkling aftereffect after adaptation to a dynamic noise background. The duration of the twinkling aftereffect from these retinal scotomas was similar to the duration of a twinkling aftereffect induced by an artificial scotoma just larger than their retinal lesions. It will be interesting to determine if patients with retinal lesions also report shrinkage which would support a common origin for the twinkling aftereffect induced by artificial and retinal scotomas. It is noteworthy that shrinkage in the perceived size of annuli positioned around a pathological retinal lesion (a macular hole) was recently reported (Burke, 1999) .
